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Introduction
PMSGs are more and more attractive for offshore wind power applications, thanks to the possibility of direct-drive configuration and to the increasing performance of permanent magnets [1] . They also appear as a better alternative than doubly-fed induction generators in marine current turbine applications [2] . Their high power density and high efficiency make them very attractive for aerospace applications [3] . In such applications reliability is of paramount importance, because of hostile environment and difficult access. In some cases an unplanned stop can lead to catastrophic consequences. Redundancy or conservative design (i.e. using redundant or over-sized equipment) can improve reliability, but at high costs. On the other side, system monitoring enables detecting faults in an early stage, reducing repair costs and allowing for a planned maintenance operation. Therefore diverse fault detection and isolation (FDI) techniques are proposed, in which physical faults in the machine or in the converter are detected, as well as sensor faults, that can jeopardize correct operation of the closed-loop monitoring system of the generator [4] and generate secondary faults [5] .
Fault detection schemes
Two detection approaches are combined in this paper: a model-based algorithm using residuals and CUSUM functions proposed in [7] and in [10] on the one hand, a signal-based technique developed in [5] on the other hand.
Technique using residuals and CUSUM detection algorithm
The model-based algorithm relies on the computation of fault indexes called residuals and is described in [7] and [10] . The number of residuals n r must be sufficiently high in order to be able to isolate all possible faults. Since the residuals can be influenced by more than one fault or can change with the operational conditions, the average values of residuals must be known for healthy operation and in each faulty case. The sensitive or insensitive character of each residual must be listed for all investigated faults in an incidence table (see Table I ). When the system is healthy, the different residuals form a vector r(k) of n r Gaussian white-noise sequences characterized by the mean vector µ 0 and the variance matrix Σ. In case a fault i occurs, only the mean is assumed to take another value µ 0i while the variance is supposed unaffected. For each hypothetical faulty case the log-likelihood ratio (LLR) between the considered hypothesis and the no-fault hypothesis is computed for each sample k:
where p 0 (r) and p i (r) are the probability density functions of vector r under the hypothesis that no fault occurs and that fault i occurs respectively. For each possible fault i the cumulative sum (CUSUM) S i,0 of the LLR is taken:
The CUSUM, as written in the equation above, is a decreasing function if fault i is absent and an increasing function if fault i is present. The practical implementation of the CUSUM is done in a recursive form g i,0 (k), which maintains the output at zero in case the fault i is not present:
Finally, the most probable hypothesis is determined by comparing the CUSUM functions with each other and with a threshold value, using the decision function defined as :
with l ∈ 1, ..., n f , g 0,0 = 0 and h l,i a threshold value. The fault is then flagged when g l,0 (k) > 0.
The approach described in [7] uses the differences between phase-locked loop based current frequency measurements and encoder frequency measurement as residuals for open-phase fault detection. To detect current sensor faults (gain or offset change or outage) and ground faults, the computation of residuals needs two current sensors per phase (six in all). The residuals are, on the one hand, the output differences between sensors on the same phase and, on the other hand, all possible sums that combine three current measurements from different phases.
Signal processing algorithm
This signal processing method is proposed in [5] . The maximum of the absolute values of the instantaneous phase currents is computed at each time step to normalize the currents:
with m ∈ {a, b, c} and N for normalized quantity. Four indicators are used in order to locate the fault and to distinguish an open-phase fault from a current-sensor outage. The detection indicator d is the average absolute value of the sum of the normalized instantaneous currents:
where X is the average of X over one period and ω the pulsation of the currents. This value remains close to zero except in case of ground fault and of current-sensor outage.
The localization indicators l m use the average absolute values of the normalized currents |i mN | as follows:
where ξ = 2/3 is the value taken by |i mN | in no-fault condition and in case the currents are perfectly balanced. When the phase is healthy, l m is equal to zero while in case of zero current or current-sensor outage this value goes to ξ. In case of an open-circuit fault that does not result in a null current in the phase (e.g. if one of the two switches of one leg of the inverter fails open) this average can take an intermediate value.
By comparing the indicators with thresholds the type and the location of the fault can be determined. A last indicator (θ m ) is implemented with a minimal increase of computation power to determine and correct the current sensor offsets before starting the machine:
This algorithm presented in [5] can consequently detect and locate an open-circuit fault or a current sensor fault only using three current measurements (see Figure 1) . However, only total outages are considered for the detection of sensor faults. The presence of the 1/ √ 3 factor for the neutral current is needed since its amplitude is √ 3 higher than the ones of the remaining phase currents in open-phase post fault control.
Proposed fault detection algorithm
The proposed algorithm combines the two previously explained techniques, using eight current sensors (two on each phase and two on the neutral wire of the PMSG). The algorithm is composed of two stages. The first one uses the signal processing algorithm in order to detect and isolate sensor outages. The second stage detects and isolates, on the one hand, open-circuit faults again with the signal processing algorithm, and on the other hand, sensor offsets or sensitivity errors using the CUSUM algorithm. The 4-wire connection is used together with a 4-leg inverter to keep the system working in case of one openphase fault. In this case the neutral point potential is controlled by the supplementary leg of the converter in order to limit torque oscillations (see Figure 2 ). In the first stage, the signal processing algorithm is implemented once for each group of four sensors to detect sensor outages. Some modifications are also done to the block diagram shown in Figure 1 . Four signals (three phases and neutral) are processed instead of three in [5] . All eight sensor outputs are taken into account for the normalization (see equation 5) in order to make this operation less sensitive to sensor outages or to open-phase faults. Therefore the algorithm is able to continue to detect new faults, even if faults are already present. A saturation block is also added in the implementation of the normalization to avoid errors in case of zero current (or outage of all sensors). For this purpose the neutral current signals are multiplied by a factor 1/ √ 3, since their amplitudes are √ 3 times bigger than the ones of the currents flowing in the remaining healthy phases in case of open-phase post-fault control [7] while they remain null in case all phases are healthy.
The average values ∑ m i mN and |i mN | computed for the d and l m indicators are approached using an adaptive low-pass filter with a cut-off pulsation equal to ω/π, where ω is the current pulsation. The current sensor signals entering this stage are high-passed using an adaptive filter to remove their DC component. Therefore, the output falls necessarily to zero in case of sensor outage, which makes the detection easier. The cut-off pulsation of the high-pass filter is equal to ω/10.
The processed signals are then compared to thresholds values in order to generate fault flags. For sensor outage detection both d and corresponding l m indicators have to cross the threshold value. The flags are then used to control software switches in order to select the best suited current measurements for the PMSM control (see Figure 3) . The current sensor signals used in this selection are not high-pass filtered, so that the second stage can work properly. Figure 3: Simulink block for faulty sensor isolation. If both sensors of the phase are healthy, the average of both sensor outputs is chosen. If one of both sensors is faulty, the other sensor output is chosen. In the situation where both sensors of a phase are faulty, the phase current is computed by summing the opposite of the currents flowing in the other wires. In case both neutral current measurements are zero, however, the zero value is maintained, since this situation is normal in case no phase is open.
In the second stage of the algorithm the open-phase fault detection is achieved by a third implementation of the signal processing algorithm, made on the output of the current measurement selection block. In this way the open-phase detection is not affected by faulty sensors, as long as at least one sensor is working on each healthy phase and one on the neutral wire. An open-phase fault is flagged when the corresponding l m indicator crosses the threshold. In this case the corresponding sensor fault flags are inhibited, since the l m indicators in the first stage cross their threshold. Erroneous detection can then happen in case a d indicator is above its threshold due to the outage of another sensor. Moreover, a sensor gain or offset error detection is done using the CUSUM algorithm based on residuals computed from the sensor output signals. Since ground faults are not taken into account here, the residuals are limited to the signal differences between two sensors on each phase (and on the neutral) and to two sums of phase and neutral currents (see table II ). The g indicators are defined using these residuals in the same way as explained in the section about the CUSUM algorithm. In case a sensor outage is already detected by the first stage, its signal is then replaced with the output of the current measurement selection block. This inhibits the corresponding flag and thus permits the CUSUM algorithm to detect one gain or offset error in addition to the sensor outages and open phases already detected. 
The algorithm combining model and signal processing enables 3-out-of-6 redundancy in case of sensor outage or 5-out-of-6 redundancy in case of sensor offset or gain error with a globally limited computational power. If a phase is open, the algorithm continues working with one faulty sensor (or two if they are on different phases) on the remaining phases or on the neutral.
Experimental results
The PMSG used in the test bench is star-connected. The neutral point of the generator is also accessible and its potential can be controlled using a dedicated inverter (with four legs) using a dSPACE 1006 Figure 2) . A braking chopper fixes the DC bus voltage to 225 V. The main characteristics of the machine are presented in Table III . The fourth leg of the inverter is connected to the neutral wire through a triac as soon as an open-phase fault is detected and the control is modified in order to reduce as much as possible the torque oscillations. The implemented control reconfiguration method, coming from [7] , is briefly explained below. In order to suppress the ripple on the torque, the post-fault dq components of the current must remain equal to the ones before the fault. This is done by imposing a zero-sequence current reference I 0 , which depends on the current references Iq and I q :
with θ e the electrical position of the rotor and k = 0, 1, 2 when phase a, b or c respectively open. This current is imposed by means of a feed-forward action consisting in a change in the zero-sequence voltage reference ∆V 0 according to the stator resistance R s and to the stator homopolar inductance L 0 :
A complementary feed-back loop on the I 0 current is also implemented. The resulting healthy phase currents increase by a factor √ 3 and the neutral current reaches three times the current that was flowing in the phases before the fault. Measurement redundancy is obtained by using double current measurements on each phase and on the neutral wire. The sensor outputs are denoted by subscripts a1, a2, b1, b2, c1, c2, n1 and n2. Their rating (17.5 A = 1 pu) is used as basis for the quantification of the faults. A 2kW-PMSM coupled to the investigated generator is used as a motor and is driven using vector control (with another dSPACE interface or with a commercial drive) in order to impose the rotational speed. The control of the generator is indeed used to fix the braking torque. In order to validate the combined algorithm, tests are done for different fault cases at different torques and rotational speeds. For all cases the defined thresholds for l m and d are 0.15 for sensor faults detection, and the threshold for l m is fixed to 0.3 for open-phase detection. The threshold for the indicators generated by the CUSUM algorithm is fixed to 0.08.
Current sensor faults
The response of the algorithm to a combination of sensor faults is presented in Figure 4 . The PMSG is driven at 200 rpm and its braking torque is 10 Nm. Sensors c2 and b2 outputs are disconnected at 4.493 s and 4.630 s respectively. An offset of 0.7 A (0.08 pu referring to the sensor nominal current) is added to the output of sensor a1 at 4.822 s. The sensor outages are first detected by the CUSUM algorithm (each after 0.002 s). The detection with the signal processing algorithm happens at 4.533 s and 4.676 s respectively (0.040 s and 0.036 s after the fault), when the respective l m and d indicators have both crossed their threshold. As soon as the sensor outage is detected by the signal processing algorithm, the corresponding CUSUM indicator is inhibited and the corresponding indicator goes back to zero. According to the evolution of the corresponding output of the CUSUM algorithm the offset error is detected after 0.005 s. Because the signal is higher than normal this fault is not seen by the signal processing algorithm. 
Current sensor faults combined with an open phase
The response of the algorithm to situations combining an open-phase fault and sensor faults are presented in Figures 5 and 6 . In Figure 5 the PMSG is driven at 800 rpm and its braking torque is 10 Nm. The gain of sensor a2 is multiplied by 1.09 (corresponding to a peak difference of 0.7 A) at 3.471 s. Sensor c2 output is disconnected and phase b is opened at 3.848 s and 4.297 s respectively. According to the evolution of the corresponding output of the CUSUM algorithm the sensor gain fault is detected after 0.006 s. Because the signal is higher than normal this fault is not seen by the signal processing algorithm. The sensor outage is first detected by the CUSUM algorithm (after 0.002 s). The detection with the signal processing algorithm happens at 3.857 s (0.009 s after the fault). Since the CUSUM algorithm only detects the most deviating sensor, the gain error of sensor a2 is temporary no more detected. This introduces an error in the current values that are used for the control of the machine, but this error is reduced compared to the case c2 is not compensated. As soon as the sensor outage is detected by the signal processing algorithm, the corresponding CUSUM indicator is inhibited and the error on a2 sensor output is again taken into account. The open-phase fault is finally detected at 4.315 s (0.018 s after the fault); the neutral voltage starts then to be controlled as it can be seen from the apparition of a neutral current. It can be noted that the indicators l b1 and l b2 cross their own threshold at 4.309 s. Due to the fact that the indicator d 2 has already crossed its threshold because of the outage of sensor c2, a erroneous outage is detected for sensor b2. This has however no influence on the corrected currents, since sensor b1 output is then selected and remains correct. With the open-phase detection the sensor fault is inhibited and the problem disappears. The same phenomenon also happens with sensor n2 in the interval in which indicator l n has already crossed its threshold and indicators l n1 while l n2 are still above their one (i.e. at time between 4.333 s and 4.343 s).
In Figure 6 the PMSG is driven at 200 rpm and its braking torque is 2 Nm. At 2.604 s a 0.7 A offset is added to sensor c2 output. Sensor b2 is disconnected at 3.519 s and phase a is opened at 3.901 s. The offset on sensor c2 is detected by the CUSUM algorithm after 0.005 s. Sensor b2 outage is detected, once again, first by the CUSUM algorithm (after 0.012 s) and then by the signal processing algorithm (after 0.051 s). The open-phase fault is detected after 0.070 s. The erroneous sensor outage detection on sensors a2 and n2 again appear, but do not affect the control, as explained in the previous example. By comparing the detection time for each algorithm for the different tests the principal influencing pa- rameters can be discussed. It turns out that the CUSUM algorithm seems not to be influenced by the frequency of the currents. On the contrary, the cut-off frequency of the adaptive filter used for the signal processing algorithm (see Figure 1 ) must be reduced in case of low speed, leading to slower detection dynamics. In addition, a smaller braking torque generates also smaller currents, and therefore the residuals of the CUSUM algorithm are reduced, increasing the detection time. This phenomenon is limited by the normalization in the case of the signal processing algorithm. It can be furthermore mentioned that the detection time is also affected by faults that are previously detected due to the fact that they can have an influence on indicators corresponding to other faults.
Current sensor faults in transient state
In order to test the response of the algorithm in case of transient speed and torque a test has been done by forcing c1 sensor output to zero just after a change in the braking torque reference. The change of reference consists of a step from 2 to 6 Nm at 1.883 s. This torque step induces a temporary speed drop, before the speed controller of the driving motor reacts. The minimum speed (282 rpm) is reached at 2.002 s. The evolution of the shaft torque and speed is shown in Figure 7 . The c1 sensor output is forced to zero at 1.896 s. The evolution of the currents and of the indicators is shown in Figure 8 . These results show that the amplitude and frequency change in the currents do not affect significantly the indicators. The only visible changes are generated by the sensor fault: the CUSUM algorithm detects and isolates the fault (after 0.002 s) followed by the signal processing algorithm (0.011 s after the fault).
Conclusions
A new fault detection and isolation algorithm for PMSGs combining the advantages of model-based and signal processing techniques is proposed. The technique uses the output of eight current sensors (two on each phase and on the neutral wire of the PMSG). The new combined algorithm permits 3-out-of-6 redundancy in case of sensor outage and 5-out-of-6 redundancy in case of sensor offset or gain error with a globally limited computational power. It can also manage a combination of two outages and one offset or gain error. In case of open-phase fault it remains working if at least one sensor is working on each remaining phase and on the neutral. The combination of CUSUM and signal processing also permits having a different diagnosis for sensor outage (detected by signal processing) and for sensor gain or offset errors (only detected by residuals generation and CUSUM detection system). In case of sensor outage the early detection by the CUSUM algorithm reduces the disturbance caused by the fault before its isolation. Step The combined algorithm is not significantly affected by speed and torque transients. A fault can then be detected and isolated without false alarms in transient regimes.
